Introduction {#sec1}
============

Biotin (vitamin B7) is a cofactor for five carboxylases involved in fatty acid biosynthesis, gluconeogenesis, and catabolism of amino acids and fatty acids.^[@ref1]^ Catalysis by mammalian biotin-dependent carboxylases drives the incorporation of a single CO~2~ carbon unit into molecules such as pyruvate, β-methylcrotonyl-CoA, propionyl-CoA, and acetyl-CoA. Four out of the five carboxylases are located in the mitochondria, and accordingly, biotin deficiencies result in abnormal mitochondrial structures and functions.^[@ref2]^ Biotin is taken up by the cells via a sodium-dependent vitamin transporter (SMVT), expressed in the cytoplasm and the mitochondrial membranes. SMVT is present in the gastrointestinal tract, liver, kidneys, retina, heart, brain, and skin.^[@ref3]−[@ref11]^ Cancer cells, including leukemia, ovarian, colon, mastocytoma, lung, renal, and breast cancer cell lines, exhibit elevated SMVT expression and enhanced biotin uptake capability to sustain their rapid cell growth and enhanced proliferation.^[@ref12]^

To date, biotin uptake via the SMVT has been studied with tritium (^3^H)- and carbon-14 (^14^C)-radiolabeled biotin in cell-based assays and in laboratory animal studies.^[@ref13]−[@ref19]^ However, in vivo investigations using these radiotracers are limited in scope because of the low stability of \[^3^H\]biotin in vivo (the tritium atoms at positions 8 and 9 in the valeric acid side chain are removed in vivo via β-oxidation---confounding the tissue distribution analysis).^[@ref18]^ For example, about half of the radioactivity associated with the administered dose of \[^3^H\]biotin was excreted in 24 h as \[^3^H\]acetate/\[^3^H\]H~2~O in the urine of pigs.^[@ref18]^ Additional limitations include the need for a postmortem analysis to determine the radiotracer tissue distribution, precluding human translational studies,^[@ref18],[@ref20]^ and the long radioactive half-life of ^3^H (12.5 years) and ^14^C (5700 years)---impeding their use due to the associated risks of long-term radioactivity exposure. In this work, we aimed to overcome these limitations by radiolabeling biotin with a positron-emitting radionuclide that can be used for in vivo imaging, in both animals and humans, by positron emission tomography (PET).

Biotin has already been radiolabeled using PET and single-photon emission computed tomography (SPECT) radionuclides such as ^64^Cu, ^18^F, ^111^In, ^125^I, ^131^I, ^68^Ga, and ^99m^Tc^[@ref21]−[@ref28]^ and conjugated with fluorophores for optical imaging.^[@ref29]−[@ref31]^ However, these "biotin-inspired" imaging probes have been developed via the conjugation of the carboxylic group of biotin to chelators or linkers bearing a radionuclide or a fluorophore. These radiotracers have been used in preclinical and clinical settings to detect *Escherichia coli (E. coli)* and *Staphylococcus aureus (S. aureus)* infection, which express biotin transporters (BirB and BioY, respectively)^[@ref32]−[@ref36]^ and tumor antigens by exploiting the strong interaction (*K*~d~ ≈ 10^--15^ M) between radiolabeled biotin and preaccumulated antibody--avidin conjugates (a pretargeting approach).^[@ref24],[@ref28],[@ref37],[@ref38]^ The biotin-conjugated fluorescent probes have been used in preclinical studies, and fluorescence images showed the accumulation in tumor tissues of murine xenograft tumor models.^[@ref29]−[@ref31]^ However, these tracers are biotin conjugates with grossly modified structures and their in vivo profile is not consistent with the literature reports of biotin biodistribution and transporter expression.^[@ref26],[@ref27]^ Indeed, changes to the carboxylic acid function (esterification, amidation, and decarboxylation) or heterocyclic moiety (sulfoxidation and elimination of the ureido carbonyl group) prevent their biorecognition by biotin transporters.^[@ref39]−[@ref41]^

Our aim is to characterize the whole-body pharmacokinetics and tissue-distribution of biotin in vivo. To achieve this, we have developed a method to produce biotin autologously radiolabeled with a short-lived positron-emitting radionuclide carbon-11 (\[^11^C\]biotin). Carbon-11 labeling of biotin does not alter its chemical structure or biological properties. Moreover, it allows straightforward translation from preclinical to clinical research, without toxicological assessment, and reduces risks associated with radioactive waste management and radiation exposure to patients due to the short half-life of ^11^C (half-life = 20.4 min).

Results and Discussion {#sec2}
======================

Radiosynthesis of \[^11^C\]biotin {#sec2.1}
---------------------------------

In developing our carbon-11 labeling strategy, we initially considered a previously described \[^14^C\]biotin labeling procedure using \[^14^C\]phosgene (\[^14^C\]COCl~2~) and diamino biotin via a multistep process to introduce carbon-11 in the urea position.^[@ref42]^ Although \[^11^C\]COCl~2~ has previously been obtained from cyclotron-produced carbon-11 carbon dioxide (\[^11^C\]CO~2~), it is impractical, requires a long synthesis time (15--25 min) with a dedicated infrastructure, and is only available in few radiochemistry laboratories worldwide, limiting its usage.^[@ref43]^

Inspired by the new ^11^C-urea labeling method using the primary cyclotron-produced \[^11^C\]CO~2~ synthon,^[@ref44]−[@ref46]^ we conceived a novel route to produce \[^11^C\]biotin from diamino biotin. Applying this quick and efficient chemistry to the ^11^C-labeling of biotin at the urea carbon atom, \[^11^C\]biotin was synthesized via a simple two-step, one-pot reaction in a fully automated system ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)). In the first step, cyclotron-produced \[^11^C\]CO~2~ was bubbled into a reaction vial containing diamino biotin (**1**) and 1,8-diazabicyclo\[5.4.0\]undec-7-ene (DBU) dissolved in acetonitrile (MeCN) at 0 °C. Then, a solution of Mitsunobu reagents \[di-*tert*-butyl azodicarboxylate (DBAD) and tributylphosphine (PBu~3~)\] was added to the reaction vial, and the reaction mixture was heated at 100 °C for 5 min ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). The reaction was subsequently cooled and quenched with a PBS solution. \[^11^C\]Biotin was purified by semipreparative high-performance liquid chromatography (HPLC), and the formulated solution was used for in vitro and in vivo experiments ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)). The total synthesis time including HPLC purification was 32 ± 1 min from the end of \[^11^C\]CO~2~ delivery.

![Time--SUV profile (0--60 min) of (A) liver, (B) brain, (C) BAT, (D) heart, (E) eyes, and (F) kidneys in NBA (orange line, group A1) and biotin-challenged (black line, group A3) mice receiving \[^11^C\]biotin IV. (G) Radioactivity of urinary bladder is expressed as %ID. Note that the y-scale (SUV) varies between different tissues.](jm0c00494_0001){#fig1}

![Radiolabeling of \[^11^C\]biotin](jm0c00494_0005){#sch1}

The amount of \[^11^C\]biotin obtained was 352 ± 38 MBq in 4--5 mL of phosphate-buffered saline (PBS) with 2.5% ethanol in an injectable solution from 5.9 ± 0.3 GBq of cyclotron-produced \[^11^C\]CO~2~ with an isolated radiochemical yield (RCY) of 19 ± 2%, a radiochemical purity (RCP) of \> 99%, and a molar activity (*A*~m~) of 7 ± 1 GBq/μmol at the end of the \[^11^C\]CO~2~ delivery ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)).

### In Vitro Studies {#sec2.1.1}

The incubation of \[^11^C\]biotin with streptavidin for 5 min at 25 °C showed that 95 ± 1% of the radioactivity is in the form of a \[^11^C\]biotin--streptavidin complex (see Supporting Information for assay details and [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)).

Preclinical Studies of \[^11^C\]biotin {#sec2.2}
--------------------------------------

### Results of \[^11^C\]biotin Injected in Mice {#sec2.2.1}

To examine the \[^11^C\]biotin trafficking in vivo, \[^11^C\]biotin was administered intravenously (IV) in healthy anesthetized mice placed on a high-resolution microPET scanner. Sixteen mice were divided into three groups: group A1 (female, vehicle IV injection 10 min before \[^11^C\]biotin IV injection, *n* = 6, [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)), group A2 (male, vehicle IV injection 10 min before \[^11^C\]biotin IV injection, *n* = 5), and group A3 (female, biotin 5 mg/Kg IV injection 10 min before \[^11^C\]biotin IV injection, *n* = 5). The dynamic PET image data were acquired for 60 min.

In the no-biotin-added (NBA) group (group A1), PET imaging demonstrated the \[^11^C\]biotin uptake in the liver, heart, brain, eyes, kidneys, and interscapular BAT ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). The presence of the SMVT in the liver,^[@ref3],[@ref6]^ heart,^[@ref7],[@ref8]^ brain,^[@ref5],[@ref10]^ eyes,^[@ref4]^ and kidneys^[@ref11]^ provides a rationale for the observed \[^11^C\]biotin distribution in vivo. To date, no reports have established the presence of SMVT in the BAT. Further studies (e.g., immunohistochemistry) are needed to confirm the expression of biotin transporters in the BAT. However, the uptake in BAT is consistent with prior knowledge that fatty acid synthesis, glucose metabolism, and lipolysis require biotin-dependent enzymes, and that biotin-deficient rats have decreased adipose biotin-dependent mitochondrial enzyme functions.^[@ref7],[@ref8]^ Biotin is also known to be essential for the differentiation of preadipocytes into brown adipocytes.^[@ref47]−[@ref49]^ Studies on \[^18^F\]fluorodeoxyglucose (\[^18^F\]FDG) and fatty acid radiotracers (e.g., \[^11^C\]acetate and \[^123^I\]beta-methyl-iodophenyl-pentadecanoic acid) have recently revealed that the BAT serves as a metabolic sink for glucose and fatty acids.^[@ref50]−[@ref52]^

![Maximum intensity projections of PET images from NBA (upper row, group A1) and biotin-challenged (lower row, group A3) mice at (A, D) 2.5--5 min, (B, E) 30--40 min, and (C, F) 50--60 min post \[^11^C\]biotin IV injection. Tracer uptake is reduced in the biotin-challenged mice in the BAT, liver, heart, and eyes. PET images are displayed according to the intensity scale for the tracer activity, from white (highest) through red (intermediate) to purple (lowest).](jm0c00494_0002){#fig2}

To further examine the relation between in vivo \[^11^C\]biotin distribution and SMVT expression, male mice (group A2) and female mice challenged with biotin (group A3, [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)) were imaged.

To examine the uptake transporter at blood--tissue interfaces, we determined the radioactivity concentrations in the blood of groups A1--A3. An image-derived blood curve was generated by placing the region of interest into the left ventricle of the heart.^[@ref53]^ Radioactivity concentrations measured in the last PET time frame (50--60 min postadministration) showed good correlation (*r* = 0.910, P \< 0.0001) with the radioactivity concentration (%ID/g) in the venous blood collected at the end of the PET scan measured using a γ counter ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)). Liver--to--blood, kidney--to--blood, BAT--to--blood, and brain--to--blood area under the curve (AUC) radioactivity ratios (*K*~p,tissue, AUC~) were calculated ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}). The "integration plot" analysis^[@ref53]−[@ref56]^ was used to calculate the liver uptake (CL~uptake,liver~), kidney uptake (CL~uptake,kidney~), BAT uptake (CL~uptake,BAT~), brain uptake (CL~uptake,brain~), and intrinsic urinary excretion (CL~int,urine~) clearances, which represent the uptake in the liver/kidneys/BAT/brain and intrinsic efflux activity across the corticomedullary region of the kidneys, respectively.

Blood radioactivity concentrations were lower (p \< 0.05) for the groups A2 and A3 than that for the control group. The AUC~liver 0--60 min~ was higher in group A2 and lower in group A3 than that in the control mice group (group A1). The liver--to--blood AUC ratio (*K*~p,liver,AUC~) and CL~uptake,liver~ value were higher in group A2 than those in the control mice group. No statistically significant difference was observed for *K*~p,liver,AUC~ and CL~uptake,liver~ of group A3 versus the control mice group. The *K*~p,kidney,AUC~ value was not different between groups A1 and A2; however, the CL~uptake,kidney~ value in group A2 was significantly higher than that in the control mice group ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Both *K*~p,kidney,AUC~ and CL~uptake,kidney~ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) values were significantly higher in group A3 than those in the control mice group. Although AUC~BAT, 0--60 min~ and AUC~brain, 0--60 min~ values were lower in groups A2 and A3 than that in the control mice group, the *K*~p,BAT,AUC~, CL~uptake,BAT~, *K*~p,brain,AUC~, and CL~uptake,brain~ values of group A1 versus group A2 or A3 were not statistically different ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

###### Pharmacokinetic Parameters of \[^11^C\]biotin in Groups A1--A3

                                                                                 group A1 control group   group A2            group A3
  ------------------------------------------------------------------------------ ------------------------ ------------------- ------------------
  body weight[a](#t1fn1){ref-type="table-fn"}                                    17 ± 1                   24 ± 1\*            17 ± 1
  AUC~blood, 0--60 min~ (SUV·min)[a](#t1fn1){ref-type="table-fn"}                135.8 ± 10.1             96.0 ± 8.8\*        97.2 ± 9.4\*
  AUC~liver, 0--60 min~ (SUV·min)[a](#t1fn1){ref-type="table-fn"}                160.5 ± 12.1             220.8 ± 6.6\*\*     86.1 ± 11.0\*\*
  AUC~BAT, 0--60 min~ (SUV·min)[a](#t1fn1){ref-type="table-fn"}                  116.2 ± 10.1             63.1 ± 5.1\*\*      69.5 ± 6.9\*\*
  AUC~kidneys, 0--60 min~ (SUV·min)                                              77.2 ± 9.0               98.9 ± 13.8         172.3 ± 41.1
  AUC~brain, 0--60 min~ (SUV·min)[a](#t1fn1){ref-type="table-fn"}                35.9 ± 2.6               26.3 ± 2.1\*\*      20.5 ± 1.4\*\*\*
  *K*~p,liver, AUC, 60 min~ (mL/g of tissue)[a](#t1fn1){ref-type="table-fn"}     1.22 ± 0.17              2.35 ± 0.15\*\*\*   0.88 ± 0.06
  *K*~p,kidneys, AUC, 60 min~ (mL/g of tissue)[a](#t1fn1){ref-type="table-fn"}   0.59 ± 0.08              1.02 ± 0.05         1.74 ± 0.39\*
  *K*~p,BAT, AUC, 60 min~ (mL/g of tissue)                                       0.87 ± 0.08              0.66 ± 0.03         0.73 ± 0.08
  *K*~p,brain,AUC, 60 min~ (mL/g of tissue)                                      0.27 ± 0.03              0.28 ± 0.02         0.21 ± 0.01
  *V*~T,liver~[a](#t1fn1){ref-type="table-fn"} mL/g of tissue                    1.27 ± 0.16              2.54 ± 0.18\*\*\*   0.91 ± 0.06
  *V*~T,kidneys~[a](#t1fn1){ref-type="table-fn"} mL/g of tissue                  0.58 ± 0.08              1.00 ± 0.04\*\*     1.99 ± 0.49\*
  K~i, BAT~                                                                      0.021 ± 0.004            0.051 ± 0.012       0.027 ± 0.007
  K~i,brain~                                                                     0.005 ± 0.001            0.015 ± 0.004       0.004 ± 0.001
  CL~uptake,liver~ (mL/min/g tissue)[a](#t1fn1){ref-type="table-fn"}             0.37 ± 0.07              1.35 ± 0.34\*\*     0.37 ± 0.12
  CL~uptake,kidneys~[a](#t1fn1){ref-type="table-fn"} (mL/min/g tissue)           0.28 ± 0.09              2.02 ± 0.54\*       1.37 ± 0.28\*
  CL~uptake,BAT~ (mL/min/g tissue)                                               0.13 ± 0.03              0.24 ± 0.07         0.12 ± 0.03
  CL~uptake,brain~ (mL/min/g tissue)                                             0.05 ± 0.01              0.18 ± 0.07         0.05 ± 0.01
  *X*~urine,0--60 min~ (% dose)[a](#t1fn1){ref-type="table-fn"}                  13.8 ± 1.5               30.4 ± 3.3\*\*      34.7 ± 5.5\*
  Cl~renal-blood~ (ml/min/Kg)                                                    1.7 ± 0.4                16.6 ± 5.6          7.2 ± 2.2
  CL~int,urine~^†^ ml/min/Kg                                                     1.9 ± 0.2                3.8 ± 0.14\*\*\*    2.8 ± 1.0

One-way ANOVA, p \< 0.05. Body weight, AUC, *K*~p~, *X*, and K~i~ were analyzed using the one-way ANOVA. For this analysis, p \< 0.05 was considered statistically significant, and posthoc t-tests were used to explore the differences between the pairs of groups. The Levene's test was used to test for homogeneity of variances between the three groups and where this was significant (p \< 0.05), the Welch's test for equality of means was used in place of ANOVA and t-tests assuming that unequal variances were used to explore the group differences where appropriate. The groups A2 and A3 were compared to group A1 and were indicated with (\*) for p \< 0.05, (\*\*) for p \< 0.01, and (\*\*\*) for p \< 0.001.

Next, we used graphical methods^[@ref57]−[@ref59]^ to establish the binding kinetics of \[^11^C\]biotin in the liver, kidneys, brain, and BAT. We estimated the volume of distribution (*V*~T~, [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) for reversible binding and the net uptake rate constant (K~i~) for irreversible binding using the Logan and Patlak graphical methods, respectively.^[@ref57]−[@ref59]^ Logan plots for liver and kidneys are shown in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf), and the plot linearity indicates a reversible tracer behavior for these tissues in all groups.

Logan plots for the BAT and brain ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)) were nonlinear indicating a nonreversible tracer behavior in these tissues. This is confirmed by the Patlak analysis, which shows good fits for the BAT and brain indicating that \[^11^C\]biotin is irreversibly trapped in these tissues for the duration of the scan ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)). Notably, the K~i~ values are similar ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}); however, the flux of \[^11^C\]biotin from blood--to--BAT and blood--to--brain is the product of K~i~ and the concentration of free biotin in the blood. Although we did not directly measure the concentration of biotin in the blood, it is reasonable to assume that group A3 had a much higher biotin concentration in the blood compared to group A1 and therefore, with equal K~i~, the flux of biotin trapped in the BAT and brain was proportionally higher. As with many PET quantitative techniques, graphical methods can be sensitive to ROI placement. Further studies are required to elucidate the biological mechanisms which determine biotin uptake.

A significant increase of \[^11^C\]biotin excretion was observed in both the male (group A2) and the biotin-challenged female groups (group A3) compared to the NBA group (group A1) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). A remarkable increase in \[^11^C\]biotin uptake was observed in the kidneys of groups A2 and A3 mice versus the control group (group A1) in the first 10 min ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). From 10 to 60 min, the radioactivity in the kidneys in both groups decreased with a concomitant increase in the urinary bladder. The urinary excretion was 2.2 and 2.5 times higher in the A2 and A3 groups, respectively, than that in the control group. Gender has a significant impact in renal clearance with increased CL~renal,blood~ and CL~int,urine~ higher in male versus female mice ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Regarding the increase of \[^11^C\]biotin in urinary excretion in biotin-challenged mice, we postulate that this may be a consequence of saturation of SMVT expressed in the proximal tubular epithelial cells.^[@ref11],[@ref40],[@ref60],[@ref61]^ Saturation would preclude biotin reabsorption and facilitate the clearance of \[^11^C\]biotin, consistent with our observations of radioactivity excretion through the kidneys and urinary bladder ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D--F).

These studies demonstrated that the fraction of \[^11^C\]biotin excreted is dose-dependent. This implies that the homeostasis of vitamins is fine-tuned by the body, and the administration of high concentrations of biotin increases its excretion (total biotin administered in the biotin-challenged mice was ∼ 40 times higher than that in the NBA mice). In line with these results, high excretion rates have been observed in biotin-challenged rats after intraperitoneal (IP) injection of \[^14^C\]biotin at doses of 0.005, 0.04, and 10 mg/Kg where 47, 83, and \> 90% of the administered radioactivity, respectively, was found in the urine within 12 h.^[@ref17]^

Ex Vivo Biodistribution Post-\[^11^C\]biotin Injection {#sec2.3}
------------------------------------------------------

The ex vivo biodistribution analysis of groups A1--A3 at 70 min post-\[^11^C\]biotin injection showed a radioligand uptake of \> 10% ID/g in the liver, kidneys, and heart ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)). The liver/blood ratio uptake ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)) was higher in male than in female mice. This ex vivo biodistribution result was in agreement with the in vivo uptake parameter (*K*~p,liver,AUC~) obtained from PET imaging at 60 min post-\[^11^C\]biotin administration. The biodistribution analysis of biotin-challenged mice (group A3) showed a lower liver/blood ratio compared to the control group (group A1, [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)).

Radiometabolite Analysis Post-\[^11^C\]biotin Injection {#sec2.4}
-------------------------------------------------------

The radiometabolite analysis by TLC-autoradiography was performed by following the protocol developed by McCormick D. B. et al., which has been validated to separate the main \[^14^C\]biotin radiometabolites in the rat urine.^[@ref17]^ In our experiments (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf) for assay details), only intact \[^11^C\]biotin was detected in the urine of NBA and biotin-challenged groups, consistent with the previous studies of \[^14^C\]biotin metabolomics in biotin-challenged rats (10 mg/kg, 12 h post-IP injection) and NBA pigs (24 ng/kg, 24 h post-IV injection).^[@ref17],[@ref18]^ These studies also reported that the administration of low doses of \[^14^C\]biotin (10 ng/kg, IP injection) in rats showed two radiometabolites: \[^14^C\]bisnorbiotin (29%) and \[^14^C\]biotin sulfoxide (10%) at a later time point of 3 h postadministration.^[@ref19]^ It is important to note that bisnorbiotin and biotin sulfoxide are not substrates for SMVT.^[@ref40]^ The absence of \[^11^C\]biotin radiometabolites in our experiments might be due to species differences (mice vs rats), concentration of biotin in the formulation (2 μg/kg vs 10 ng/kg), the early urine sampling time point (70 min vs 3 h), or the radiotracer route of administration (IV vs IP injection). A limitation of our preclinical rodent study is that we were unable to perform the plasma metabolite analysis during the PET image acquisition.

Oral Administration of \[^11^C\]biotin in Mice {#sec2.5}
----------------------------------------------

The intake of biotin in humans and other mammals is via gastrointestinal absorption.^[@ref9]^ Thus, to examine the gastrointestinal absorption of biotin and its body circulation in vivo, \[^11^C\]biotin was orally administered in mice. Ten anesthetized female mice were divided into two groups: group B1 (orogastric (OG) administration of vehicle 10 min before \[^11^C\]biotin OG administration, *n* = 5, [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)) and group B2 (biotin OG administration, 5 mg/Kg, 10 min before \[^11^C\]biotin OG administration, *n* = 5).

To establish the relative contribution of intestinal SMVT to biotin OG absorption, small-animal PET imaging studies were conducted in the isoflurane-anesthetized mice for 120 min postadministration of \[^11^C\]biotin. Demonstration of differential oral absorption between these two groups is highly valuable as it provides new insights into the role of SMVT expressed in the intestinal epithelium for the absorption of dietary biotin and delivery for circulation. Thus, we investigated the gastric emptying, intestinal absorption, and tissue distribution of OG-delivered \[^11^C\]biotin ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A--C).

![(A) Time (0--120 min)--% gastric emptying profile, (B) time--% intestinal absorption profile, (C) time--% excretion profile, and time--SUV^OG^ profile for (D) liver, (E) brain, (F) BAT, (G) heart, (H) eyes, and (I) kidneys in NBA (orange line, group B1) and biotin-challenged (black line, group B2) mice receiving \[^11^C\]biotin OG. Data are the mean ± SEM. Note that the y-scale (SUV^OG^) varies between different tissues.](jm0c00494_0003){#fig3}

Gastric emptying by 2 h was ∼75% ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A and [Figure S10A](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)) with no differences between groups. Complete gastric emptying was not observed as the anesthesia reduces the gastrointestinal peristaltic movement.^[@ref62]^ Indeed, dynamic PET studies showed that gastric emptying was a major factor in limiting complete \[^11^C\]biotin absorption because once delivered into the intestine, \[^11^C\]biotin was rapidly absorbed in the duodenum (no radioactivity was observed in the large intestine, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [Figure S10B](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)). Almost all \[^11^C\]biotin delivered to the small intestine (92%) was absorbed after 20 min in the NBA group (group B1), in contrast with a much lower \[^11^C\]biotin absorption in the biotin-challenged mice (56% in group B2) ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B and [4](#fig4){ref-type="fig"}). The biotin-challenged mice absorbed almost all \[^11^C\]biotin delivered to the small intestine (80%) at 80 min post radiotracer administration.

![Maximum intensity projections of PET images from NBA (upper row, group B1) and biotin-challenged (lower row, group B1) mice receiving \[^11^C\]biotin OG at (A, D) 0--3 min, (B, E) 5--10 min, and (C, F) 60--80 min after the start of the PET imaging study. PET images are displayed according to the intensity scale for tracer activity, from white (highest) through red (intermediate) to purple (lowest). Stomach, intestine, urinary bladder, liver, kidneys and BAT are indicated where visible.](jm0c00494_0004){#fig4}

The \[^11^C\]biotin absorbed by the intestine entered the systemic circulation and was distributed throughout the body ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A--C) in the liver, heart, eyes, brain, and interscapular BAT. The organ distribution of \[^11^C\]biotin administered orally matches with that observed after IV administration. Compared with the NBA group (group B1), the biotin-challenged mice (group B2) showed a 2- to 4-fold decrease in \[^11^C\]biotin uptake in all SMVT-expressing organs (liver, brain, BAT, heart, and eyes) from 10 to 120 min postadministration and more than 2-fold higher concentration in the kidneys at 30 min ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D--F). The NBA and biotin-challenged mice excreted 18 and 49% of the total administered radioactivity within 120 min, respectively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C), suggesting the saturation effect of the administered biotin, which results in faster elimination of bulk biotin through the kidneys to the urinary bladder.

Potential Use of \[^11^C\]biotin as a Research Tool for Diagnostic Imaging of Obesity/Diabetes, Bacterial Infection, and Cancer {#sec2.6}
-------------------------------------------------------------------------------------------------------------------------------

Based on these results, \[^11^C\]biotin might be a valuable tool for imaging the function of BAT in humans, particularly in light of clinical studies suggesting an association between the decreased BAT function and obesity and diabetes.^[@ref63],[@ref64]^ In translational antiobesity and antidiabetic research, pharmacological activation of BAT thermogenesis is a potential strategy for increasing energy expenditure. The gold-standard PET radiotracer for the in vivo visualization of BAT is \[^18^F\]FDG, but glucose uptake might not reflect BAT thermogenesis as fatty acids obtained from intracellular triglyceride lipolysis, not glucose, are the primary substrate for activated BAT.^[@ref65],[@ref66]^ Therefore, the involvement of biotin-dependent enzymes in the fatty acid metabolism suggests that BAT uptake of \[^11^C\]biotin might reflect the BAT thermogenesis activity. The validation of \[^11^C\]biotin as a tool to monitor the BAT thermogenesis activity will require further studies in rodents under cold exposure or pharmacological interventions (e.g., norepinephrine or propranolol).

Other potential applications of \[^11^C\]biotin include the diagnosis and localization of bacterial infection and cancer via a direct-labeling or pretargeting strategy. First, the uptake of biotin by *E. coli* is highly efficient, but the modification of the carboxylic acid moiety of biotin reduces the affinity to bacterial transporters by 50-fold.^[@ref67]^ \[^11^C\]Biotin, possessing a free carboxylic acid, might have similar or better prospects for imaging bacterial infection compared with the "biotin-inspired" radiotracers in which the carboxylic group is modified. Second, various aggressive cancer cell lines such as ovarian, leukemia, mastocytoma, colon, breast renal, and lung cancer cell lines overexpress SMVT.^[@ref12]^ In anticancer drug development, the biotin--drug conjugation enhances tumor delivery of drugs and anticancer effects.^[@ref68]^ The use of \[^11^C\]biotin in cancer might be useful for cancer diagnosis/management and for understanding the role of SMVT in tumorigenesis.

Besides the potential of \[^11^C\]biotin as an imaging biomarker in pathological conditions, its clinical translation will allow the study of whole-body biotin trafficking in healthy humans receiving an adequate intake level (30 mg/day) supplemented (10 mg/day) with daily doses of biotin to form the basis of a rational dosage regimen for this essential micronutrient. High biotin intake (300 mg/day) has shown positive effects in reducing disability progression in multiple sclerosis patients by activating myelin synthesis and enhancing energy production in demyelinated nerves.^[@ref69],[@ref70]^ A multicenter randomized double-blind placebo-controlled study evaluating 642 multiple sclerosis patients administered with 300 mg/day of biotin is underway (clinical trial: NCT02936037). In our work, \[^11^C\]biotin administered by OG mimics the main route of intake of biotin in humans and other mammals. Intestinal absorption of \[^11^C\]biotin in mouse is rapid and virtually completes within minutes. Our OG studies indicate that \[^11^C\]biotin can be used to further investigate factors such as age, the effect of vitamin supplements, drugs, food, and pathological conditions of the gastrointestinal tract that may affect biotin absorption and trafficking. Gastrointestinal absorption in humans might be difficult to predict from the results of these preclinical animal studies due to species differences and the administration of anesthesia, which lowers the gastrointestinal peristaltic movements. However, this preclinical PET imaging study provides a fundamental methodology to investigate gastrointestinal absorption and whole-body biotin trafficking in humans.

Conclusions {#sec3}
===========

In this report, we have demonstrated for the first time the feasibility of using a short-lived radioactive carbon-11 isotopologue of biotin to noninvasively study biotin trafficking in vivo using microPET imaging. This was made possible by the radiosynthesis of \[^11^C\]biotin, achieved using cyclotron-produced \[^11^C\]CO~2~ to radiolabel a commercially available precursor using a novel radiochemical reaction with a fully automated radiolabeling procedure. Here, we advance our understanding of the in vivo biodistribution and kinetics of \[^11^C\]biotin and the molecular mechanisms of biotin absorption in mice by studying the different routes of administration (IV vs OG), gender differences (male vs female), and the effect of biotin administration (NBA vs BC). The IV or OG administration of \[^11^C\]biotin to female mice revealed accumulation in SMVT-expressing organs such as the heart, eyes, brain, liver, and BAT.

Interestingly, the in vivo distribution of "biotin-inspired" imaging agents is not consistent with the known expression of SMVT, confirming that the use of \[^11^C\]biotin is crucial to elucidate the true behavior of biotin-dependent mechanisms in vitro and in vivo. In conclusion, the current work lays the foundation for mapping SMVT in disease models, the understanding of biotin's role in BAT thermogenesis, and the prospect of a new translational tool to study biotin absorption and trafficking in healthy and diseased humans.

Experimental Section {#sec4}
====================

Production of \[^11^C\]biotin {#sec4.1}
-----------------------------

The automated radiosynthesis of \[^11^C\]biotin was performed on an Eckert & Ziegler (E&Z) Modular Lab system with the configuration as shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf). Prior to production, an automated "flow test" sequence in Eckert & Ziegler (E&Z) software was performed by applying helium pressure into the system to check that the flow of gases was not obstructed, and the system was gas-tight. The preparation for each run also included an automated "conditioning" sequence. \[^11^C\]Biotin was prepared according to the following stepwise procedure.

\[^11^C\]CO~2~ was produced in a cyclotron using the ^14^N(p,α)^11^C nuclear reaction in a carbon-11 gas target filled with N~2~ containing 0.5% O~2~. The standard parameter for production was 15 μA for 8 min, with an estimated yield at the EOB of approximately 7--8 GBq of \[^11^C\]CO~2~. Cyclotron-produced \[^11^C\]CO~2~ was bubbled in a stream of helium gas directly into a solution (Vial A) containing diamino biotin (5 mg, 22.9 μmol, 1 equiv.) and DBU (4.5 equiv.) in MeCN (300 μL) at 0 °C for 1.75 min. At the end of the \[^11^C\]CO~2~ delivery, DBAD (6 equiv.) and PBu~3~ (6 equiv.) dissolved in 200 μL of MeCN (Vial C) were transferred to the reaction vial under a positive pressure of helium. The vial was heated at 100 °C for 5 min ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)) with a helium flow rate of 60 mL/min, and the distilled solvent in Vial B was kept at −20 °C. Then, the Vial A was cooled at 25 °C, and the PBS solution from Vial D was transferred with helium (100 mL/min) to Vial A. The crude mixture was transferred to an HPLC injection loop using a vent filter. The reaction mixture was purified by semipreparative HPLC using a mobile phase composed of 2.5% ethanol in 10 mM PBS buffer solution (pH = 7.4). The mixture was transferred to an HPLC loop (2 mL) for subsequent semipreparative HPLC purification using a reversed-phase HPLC column (Discovery C18 HPLC Column, 5 μm particle size, 25 cm length, 10 mm internal diameter) equipped with a radioactivity detector (Radio-RP-HPLC) and eluted with a mobile phase composed of 2.5% ethanol in PBS at pH = 7.4 and at a flow rate of 4 mL/min (retention time: 12.6 min). The \[^11^C\]biotin peak was collected in a vented sterile vial through a 0.22 μm filter. An analytical HPLC analysis for quality control (QC) of the final tracer product was carried out on an HPLC analytical C18 column (Discovery C18 HPLC Column, 5 μm particle size, 15 cm length, 4.6 mm internal diameter, [Figure S2A--C](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)).

Quality Control (QC) of \[^11^C\]biotin {#sec4.2}
---------------------------------------

The analytical HPLC analysis for the QC of the final tracer product was carried out on an Agilent 1200 HPLC system equipped with a UV detector (λ = 210 nm) and a β + −flow detector coupled in series. The samples were injected onto an analytical Discovery C18 column (Discovery C18 HPLC Column, 5 μm particle size, 15 cm length, 4.6 mm internal diameter), which was eluted with a mobile phase of 2.5% ethanol in 10 mM PBS. The column flow rate is 1 mL/min and was kept at 25 °C ([Figure S2A](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)). The typical retention time of biotin is 4:08 min for UV absorbance (the delay of the radioactivity detector is 15 seconds at 1 mL/min further downstream from the UV detector, [Figure S2B](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)), and the radiochemical purity (RCP) was \> 99%. A linear regression is determined for the UV absorbance peak areas of the standards. This constitutes the calibration curve. Then the UV peak area of the \[^11^C\]biotin formulation is fit on the calibration curve to determine the biotin concentration in the formulation and *A*~m~.

Biodistribution and PET Imaging Studies with \[^11^C\]biotin In Vivo {#sec4.3}
--------------------------------------------------------------------

In vivo studies were carried out in male and female mice (Balb/C, Charles River UK Ltd). All animal studies were carried out in accordance with the UK Home Office Animals (Scientific Procedures) Act 1986. Experiments complied with the UK Research Councils' and the Medical Research Charities guidelines on responsibility in the use of animals in bioscience research, under UK Home Office project and personal licenses. The reporting of this study complied with the Animal Research: Reporting in vivo experiments (ARRIVE) guidelines (<https://www.nc3rs.org.uk/arrive-guidelines>). In order to assess and compare the in vivo distribution of \[^11^C\]biotin, the mice were divided into five groups. Each group of mice was allocated to: (1) the NBA IV female group, (2) the NBA IV male group, (3) the biotin-challenged IV female group, (4) the NBA OG female group, and (5) the biotin-challenged OG female. Mice of age 56--66 days were selected because they have an ideal size to perform total body imaging in our small-animal PET. PET/CT scans were taken once on each mouse using one administration route ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)). A limitation of the study in this work is the challenge to carry out dynamic microPET experiments on fully conscious rodents because of ethical and practical concerns, so the mice were under anesthesia for the entire protocol study.

PET/CT Imaging in Mice {#sec4.4}
----------------------

Dynamic PET scans (1:5 coincidence mode; 5 ns coincidence time window) were performed using a nanoScan PET/CT 8 W scanner (Mediso Ltd., Budapest, Hungary) over 60 (groups A1--A3) or 120 min (groups B1--B2) followed by CT scans (180 projections, 55 kVp X-ray source, 600 ms exposure time, 1:4 binning and semicircular acquisition) using proprietary acquisition software (Nucline 1.07). Ten minutes before the in vivo protocol study was scheduled to start, mice were anesthetized in a heated induction box by inhalation of 2% isoflurane in 100% oxygen.

For the IV injection protocol study, 30 μL of vehicle composed of 2.5% ethanol in 10 mM phosphate-buffered solution (PBS, pH 7.4, NBA group) or biotin (3.3 mg/mL, 2.5% ethanol in PBS, biotin-challenged group) was administered IV. After 10 min, \[^11^C\]biotin (146 ± 8 μL, 4.6 ± 0.8 MBq, [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)) was administered IV ([Figure S4A](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)). The IV administrations were given via the tail vein cannula in mice positioned on a heated PET-CT small animal holder. There was no lag between the injection of \[^11^C\]biotin and the start of the PET acquisition. The syringe radioactivity was measured before and after administration to calculate the injected dose (ID).

For the OG administration protocol study, 30 μL of vehicle (2.5% ethanol in PBS, NBA group) or biotin (3.3 mg/mL, 2.5% ethanol in PBS, biotin-challenged group) was administered by OG. After 10 min, \[^11^C\]biotin (175 ± 6 μL, 6.1 ± 1.1 MBq) was administered by OG ([Figure S4B](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf)). For dynamic microPET studies, anesthetized animals were placed on the PET-CT holder immediately after OG administration of \[^11^C\]biotin and a 2 h PET scan started; a delay of approximately 2.5--3 min was observed between the tracer delivery due to the time taken to administer \[^11^C\]biotin by OG and position the animal in the scanner. PET scan initiation has been taken when representing the data in [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}. The syringe radioactivity was measured before and after administration to calculate the administered dose.

After completion of the PET data acquisition, computed tomography (CT) scans were performed to provide anatomical information. CT images were acquired over 7 min. After the PET/CT scans, animals were culled (70 and 130 min post radiotracer IV injection and OG administration, respectively).

Analysis of PET Data {#sec4.5}
--------------------

Whole-body Tera-Tomo (Mediso) 3-dimensional reconstruction was performed (400--600-keV energy window, 1--3 coincidence mode, 4 iterations, and 6 subsets) using an isotropic voxel size of 0.4 mm^3^. Images were corrected for attenuation, scatter, and decay. The acquired data were binned into 16 image frames (2 × 10, 2 × 20, 3 × 60, 3 × 120, 2 × 300, and 4 × 600 s) for [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"} and 12 image frames (6 × 200 and 2 × 600 and 4 × 1200 s) for [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}. VivoQuant software (Version 3.5, InviCRO Inc., <http://www.vivoquant.com/>) was used for image display and volume-of-interest (VOI) analysis. In each experiment, VOI for the whole mouse, liver, kidneys, brain, heart, BAT, and eyes were drawn manually. For animals receiving \[^11^C\]biotin IV, SUV = \[decay-corrected tissue radioactivity concentration (Bq/ml)/(injected dose (Bq)\] × body weight (g).

The apparent tissue--to--blood area under the curve (AUC) ratio (*K*~p,liver,AUC~, *K*~p,kidney,AUC~, *K*~p,BAT,AUC~, and *K*~p,brain,AUC~) was calculated using the following equation:where AUC~tissue,0--60 min~ represents the area under the tissue radioactivity concentration--time curve for the time period 0--60 min, and AUC~blood,0--60 min~ represents the area under the blood radioactivity concentration--time curve for the time period 0--60 min.

The renal clearance (CL~renal,blood,0--60 min~) with respect to the blood radioactivity concentration was calculated using the following equation:where *X*~urine, 0--60 min~ represents the amount of radioactivity secreted into the urine between 0 and 60 min.

For animals receiving \[^11^C\]biotin by OG, SUV^OG^ = \[decay-corrected tissue radioactivity concentration (Bq/ml)/ (administered dose minus radioactivity remaining in the stomach (Bq)\] × body weight (g). In each experiment, VOI for the whole mouse, stomach, intestine, liver, kidneys, brain, heart, BAT, eyes, and urinary bladder was drawn manually, and the radioactivity (Bq) in each VOI was estimated using VivoQuant software.

Gastric emptying and intestinal absorption in animals^[@ref71]^ receiving \[^11^C\]biotin by OG were estimated by determining the radioactivity amount in the stomach and small intestine, respectively, as a function of time. Gastric emptying was estimated from the ratio of \[^11^C\]biotin in the stomach and the amount in the whole body. Intestinal absorption was estimated from the ratio of the amount of \[^11^C\]biotin in the small intestine versus the amount in the whole body minus the amount remaining in the stomach.

Statistical Analysis {#sec4.6}
--------------------

Quantitative data were expressed as mean ± SEM. For [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [3](#fig3){ref-type="fig"}, and [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf), organ SUV at various time points of \[^11^C\]biotin was compared between the groups using a repeated measure mixed-effect model with an auto-regressive covariance structure. Posthoc analyses were corrected for multiple comparisons (IBM SPSS Statistics, Version 24.0). Differences at the 95% confidence level (P \< 0.05) were considered significant. Data were indicated with (\*) for p \< 0.05, (\*\*) for p \< 0.01, and (\*\*\*) for p \< 0.001.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00494](https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00494?goto=supporting-info).Preparation of the synthesis module, schematic diagram of the automated synthesis of \[^11^C\]biotin, in vitro \[^11^C\]biotin--streptavidin binding, radio-HPLC radiochromatogram of formulated \[^11^C\]biotin on analytical HPLC, schematic illustration of the PET/CT image acquisition of intravenous (IV) and orogastric (OG) administration, biodistribution and metabolite studies in mice, time--activity curves of male and female mice receiving \[^11^C\]biotin IV, correlation of blood--radioactivity concentration from in vivo PET images versus ex vivo biodistribution, Logan plots of kidneys, liver, BAT, and brain of groups A1--A3, and Patlak plots of BAT and brain of groups A1--A3 ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_002.pdf))Molecular formula strings ([CSV](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c00494/suppl_file/jm0c00494_si_001.csv))
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*A*~m~

:   molar activity

AUC

:   area under the curve

BAT

:   brown adipose tissue

^11^C

:   carbon-11

^14^C

:   carbon-14

CL~int,urine~

:   intrinsic urinary excretion clearance, CO~2~, carbon dioxide

DBU

:   8-diazabicyclo\[5.4.0\]undec-7-ene

DBAD

:   di-*tert*-butyl azodicarboxylate

\[^18^F\]FDG

:   \[^18^F\]Fluorodeoxyglucose

ID

:   injected dose

^3^H

:   tritium

HPLC

:   high-performance liquid chromatography

IV

:   intravenous

IP

:   intraperitoneal

*K*~p,tissue, AUC~

:   tissue--to--blood area under the curve (AUC) radioactivity ratio

MeCN

:   acetonitrile

NBA

:   no-biotin-added

OG

:   orogastric

PBS

:   phosphate-buffered saline

PET

:   positron emission tomography

PBu~3~

:   tributylphosphine

QC

:   quality control

RCP

:   radiochemical purity

SMVT

:   sodium-dependent vitamin transporter

SPECT

:   single-photon emission computed tomography

SUV

:   standardized uptake value

TLC

:   thin-layer chromatography.
